The open-circuit voltage ͑OCV͒ of a direct methanol fuel cell ͑DMFC͒ was observed to undergo an overshoot before it stabilized during the startup period of the oxygen supply. This transient OCV overshoot behavior was due to the hydrogen evolution and subsequent oxidation reactions at the anode catalyst layer. Furthermore, within the OCV overshoot period the DMFC anode behaved like a hydrogen electrode due to the existence of hydrogen at the catalyst layer, resulting in a transient reference hydrogen electrode, which allows quantifying the respective anode and cathode potentials of the DMFC. Direct methanol fuel cells ͑DMFCs͒ are considered as a hopeful solution for the increasing power demand of portable devices owing to their unique capability of directly converting liquid fuel to electricity at ambient temperature.
Direct methanol fuel cells ͑DMFCs͒ are considered as a hopeful solution for the increasing power demand of portable devices owing to their unique capability of directly converting liquid fuel to electricity at ambient temperature. [1] [2] [3] [4] [5] However, a most challenging issue that prevent DMFCs from practical applications is crossover of methanol fuel through typical Nafion membranes from the anode to the cathode. 5, 6 Methanol crossover not only results in a low utilization efficiency of the fuel, but also creates a mixed potential on the cathode, leading to a significant reduction in the cell voltage. 2, 7 In an effort to reduce methanol crossover, many researchers have sought either to develop new types of polymer electrolyte membranes or to modify existing Nafion membranes. [8] [9] [10] [11] [12] However, although it may be possible to alleviate the methanol crossover problem, a complete elimination of the problem is unlikely.
The existence of methanol crossover from the anode to cathode creates added complexity in the mass transport of various species and electrochemical reactions in DMFCs compared with hydrogenfueled polymer electrolyte fuel cells. For instance, a unique phenomenon associated with the methanol crossover behavior in DMFCs is that, although under the open-circuit condition, hydrogen evolution occurs on the anode as the oxygen feed flow rate is sufficiently low. 13 This finding is contrary to the conventional wisdom that electrochemical reactions cease as an external load is removed. It was found that the nonuniform distribution of oxygen at the cathode catalyst layer causes the methanol electrolytic reaction in the region where oxygen is leaner, which is powered by the galvanic reaction taking place in the region where oxygen is richer. As a result, although the whole cell is running under the open-circuit condition, there is still a self-discharging current causing methanol consumption and hydrogen evolution. Most recently, it has been found that the above self-sustained electrolytic reaction takes place in a DMFC whenever the oxygen supply is cut off or restarted. 14 More important, the electrolytic reaction as a result of oxygen interruption causes a temporary rise in the performance of the DMFC.
This work is concerned with the dynamic behavior of the cell voltage in DMFCs. This subject has been studied by some researchers. [15] [16] [17] [18] It was reported that immediately after the removal of an electrical load the open-circuit voltage ͑OCV͒ of a DMFC underwent an overshoot before reaching a stabilized value, which is due mainly to the decreased methanol concentration both in the electrolyte membrane and in the cathode catalyst layer during the discharge. In this work, we studied the transient cell voltage of a DMFC operating under the open-circuit condition during the startup period of the oxygen supply. We found that after the oxygen supply was started the OCV underwent an overshoot before it stabilized. In the following, we show that this OCV overshoot behavior is also related to the hydrogen evolution at the anode catalyst layer. 13, 14 Furthermore, we show that within the OCV overshoot period the DMFC anode behaves like a hydrogen electrode due to the existence of hydrogen at the catalyst layer, resulting in a transient reference hydrogen electrode, which creates a method to measure the cathode potential of the DMFC.
Experimental
Membrane electrode assembly (MEA).-An MEA having an active area of 4.0 ϫ 4.0 cm was fabricated in-house employing two single-side ELAT electrodes from E-TEK and a Nafion 115 membrane. Both the anode and cathode electrodes used carbon cloth ͑E-TEK, type A͒ as the backing support layer with 30% polytetrafluoroethylene ͑PTFE͒ wetproofing treatment. The catalyst loading on the anode side was 4.0 mg cm −2 with unsupported ͓Pt:Ru͔ Ox ͑1:1 atom %͒, while the catalyst loading on the cathode side was 2.0 mg cm −2 using 40% Pt on Vulcan XC-72. The membrane was pretreated according to a traditional method described elsewhere. 19 The final MEA was formed by hot pressing at 135°C and 5 MPa for 3 min.
Single-cell assembly and anode flow field visualization.-The MEA was sandwiched between two fixture plates. For the anode flow field visualization, the anode fixture plate was made of transparent poly͑methyl methacrylate͒ ͑PMMA͒. For the convenience of temperature control, the cathode fixture plate was made of an aluminum block. Both the anode and cathode flow fields ͑which also served as current collectors͒ were made of 316L stainless steel. A single serpentine channel, having 1.3 mm channel width, 1.0 mm rib width, and 1.0 mm depth, was formed on both the anode and cathode sides by wire-cut technology. The structure of the finished cell is detailed elsewhere. 20 Experimental apparatus and test conditions.-The cell voltage was measured and recorded using an Arbin BT2000 potentiostatgalvanostat electrochemical testing system. High purity oxygen of 99.999% as oxidant was delivered to the cathode side at ambient pressure without humidification. The flow rate of oxygen was controlled and measured by mass flow controllers ͑Omega FMA-7101E and Omega FMA-7107E͒ combined with a multiple channel indicator ͑Omega FMA-5876A͒, which can control the oxygen flow rate from 0.2 to 20 standard cubic centimeters per minute ͑sccm͒ and 20 to 2000 sccm, respectively, with an accuracy of 1% of full scale and a repeatability of 0.25% of reading. Methanol solutions were pumped through the DMFC anode flow field at 4.0 mL min −1 by a digital micropump ͑Laballiance, HPLC, series III͒. The cell temperatures as well as the temperatures of methanol solution and oxygen feed were maintained at the same level ranging from 30 to 70°C. Figure 1 shows the transient behavior of the OCV before and after the start of the oxygen supply. The experiment was conducted with 1.0 M methanol fed at 4 mL min −1 and at 30°C. It is seen that the OCV stayed near zero before the oxygen supply. However, once the oxygen supply ͑at a fixed value of 40 sccm͒ was started, the OCV increased rapidly to a peak and then decreased gradually to a stabilized value. This unique transient variation in the OCV was found repeatedly whenever the oxygen supply was started. The difference between the peak and the steady OCV is referred to as the OCV overshoot hereafter. Typically, the overshoot OCV was sustained for several minutes, depending on the cell temperature and the oxygen flow rate. As shown in Fig. 2 , at 30°C when the oxygen flow rate was increased from 4 to 100 sccm, the unstable OCV duration decreased from more than 15 min to about 2 min. The OCV overshoot, however, was maximized at an intermediate oxygen flow rate ͑about 10 sccm͒. At extremely high oxygen flow rates ͑greater than 100 sccm for the conditions shown in Fig. 2͒ , the OCV overshoot and the unstable OCV duration became rather small.
Results and Discussion
To discuss the mechanism leading to the above-mentioned transient behavior of the OCV, we now focus our attention on the oxygen flow rate of 6 sccm shown in Fig. 3 . It is seen that the OCV increased immediately after the start of the oxygen supply, but the increase rate slowed when the OCV reached about 0.4 V. Immediately after the OCV rose higher than 0.4 V, gas bubbles were observed in the transparent anode flow field, which were due to the following electrolytic cell reactions occurring in the regions of the MEA where oxygen is rather lean 13 Reactions 1 and 2 create a self-discharging current between the oxygen-rich region and the oxygen shortage region in the same MEA, which explains why the increase rate of the OCV slowed when the hydrogen evolution reaction ͑HER͒ was initiated. The overall HER Reaction 2 can be represented by the following steps 21, 22 
where H͑ads͒ and H 2 ͑ads͒ are adsorbed hydrogen atom and molecule on the catalyst surface and H 2 ͑sol͒ is hydrogen gas dissolved in the electrolyte and methanol solution.
The hydrogen evolution, represented by Reaction 2, is a transient behavior, which varies spatially with the change in the distribution of oxygen on the cathode. As the oxygen supply is maintained at a constant flow rate, oxygen in the upstream region of the cathode catalyst layer becomes sufficient and uniform first, thus the hydrogen evolution ceases in this region. However, because the oxygen distribution in the downstream region has not become uniform yet, 
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Electrochemical and Solid-State Letters, 8 ͑10͒ A549-A553 ͑2005͒ A550 the hydrogen evolution still goes on there. As such, the area of the hydrogen evolution shrinks toward downstream as time goes by. In the meantime, the adsorbed hydrogen atoms, molecules, and even some hydrogen gas bubbles generated in the upstream region of the anode catalyst layer are gradually oxidized according to the following reactions because of the existence of the self-discharging current between the oxygen-rich region and the oxygen shortage region H 2 ͑sol͒ → H 2 ͑ads͒ ͑diffusion and adsorption͒ ͓ 8͔
Eventually, oxygen will become sufficient and be distributed uniformly in the entire cathode catalyst layer. Thus, the HER ceases completely, leading to a peak OCV. Because under the open-circuit condition there still exists an internal current ͑or leakage current͒ in the order of milliamperes between the anode and the cathode, 23 the adsorbed and stored hydrogen in the anode catalyst layer will be oxidized slowly according to Reactions 8-10 at the anode catalyst layer. With the decrease in the hydrogen stored in the catalyst layer, the OCV decreases gradually after the OCV peak, as shown in Fig.  3 . Finally, all the adsorbed and stored hydrogen is completely oxidized and thus the OCV stabilizes.
In summary, the OCV overshoot behavior is due to the HER and the subsequent hydrogen oxidation reaction, which is caused by the nonuniform oxygen distribution in the cathode catalyst layer during the startup period of the oxygen supply. The OCV overshoot depends not only on the amount of hydrogen evolved, but also on the hydrogen oxidation rate. As shown in Fig. 2 , as compared with 10 and 6 sccm, the oxygen flow rate of 4 sccm led to a longer unstable OCV duration, but a lower OCV overshoot. The longer unstable OCV duration was attributed to the fact that at the lower oxygen flow rate it took a longer time for oxygen to be distributed uniformly at the cathode. Although more hydrogen was generated in this longer duration, most of it was oxidized within cathode upstream region before the OCV reached the peak, leading to a lower OCV overshoot. At a very high oxygen flow rate ͑for example, 100 sccm͒, it took a very short time for oxygen to be distributed uniformly at the cathode and thus the OCV stabilized quickly at this oxygen flow rate. The rather small OCV overshoot at this high oxygen flow rate was because the amount of hydrogen generated in this short duration was small.
In addition to the OCV overshoot behavior occurring during the startup period of the oxygen supply, we also found that the OCV underwent a rapid change whenever the oxygen supply was interrupted during the normal feed at a constant flow rate. Figure 4 shows the variation in the OCV when the oxygen feed was stopped and resumed periodically. The experiment was performed at the oxygen feed rate of 1000 sccm. It is seen from Fig. 4 that the OCV remained the same at about 0.62 V while oxygen was fed constantly to the cell. The OCV dropped rapidly when oxygen was shut down and a subsequent resumption of oxygen caused the OCV to increase immediately toward a peak. Compared with the OCV overshoot behavior occurring during the oxygen startup discussed in the preceding paragraphs, the oxygen feed interruption created a much higher overshoot. This is because hydrogen evolution took place in the entire anode flow field rather than shrinked spatially toward downstream region in the case during the oxygen startup period. Furthermore, the high flow rate of the oxygen supply speeded up the OCV increment, and minimized hydrogen oxidation before the OCV peak. Note from Fig. 4 that the OCV overshoot magnitude remained almost the same for the same oxygen interruption duration ͑about 1.0 min͒. During the oxygen interruption period ͑represented by the dash line in Fig. 4͒ the anode was actually charged with hydrogen. The macro hydrogen evolution over the entire MEA caused by the oxygen interruption leads us to regard the DMFC anode at the moment near the OCV peak as a reference hydrogen electrode. As such, the OCV peak represents approximately the cathode potential under the DMFC open-circuit conditions, while the OCV overshoot at this moment corresponds approximately to the anode potential.
The above discussion suggests that the anode and cathode potential in a DMFC under the open-circuit condition can be measured from the cell voltage with the help of the OCV overshoot, provided that the DMFC anode is full of hydrogen and thus functions as a reference hydrogen electrode. To generate more hydrogen on the anode and to make the anode closer to a reference hydrogen electrode, we employed an external dc power ͑Xantrex, XKW 20-150͒ and applied a voltage of 0.75 V to the cell to drive the HER on the anode. The results are also presented in Fig. 4 , where the thick solid curve represents the rapid change in the voltage due to the external power. It is seen from Fig. 4 that after a few minutes of hydrogen charging, the sudden external power cutoff and the immediate resumption of oxygen supply created an OCV overshoot, which is about 20 mV higher than that caused by the pure oxygen interruption because the anode catalyst layer was charged with much more hydrogen with the help of the external power. Due to the slow oxidation of hydrogen stored at the anode, the hydrogen electrode can be regarded as a transient reference hydrogen electrode. Figure 4 indicates that the cathode potential of the cell under the open-circuit condition at 30°C and with 1.0 M methanol is 0.922 V, while the OCV is 0.615 V. As a result, the anode potential resulting from the difference between the cathode potential and the OCV is 0.307 V.
Following the same procedure as described above, we also measured the cathode potential and the cell voltage under open-circuit conditions at different temperatures ͑from 30 to 70°C͒ and with different methanol concentrations ͑0.125 and 1.0 M͒. The data and the resulting anode potential are shown in Fig. 5 . The cell voltage increased with temperature, but decreased with methanol concentration. It is also seen from Fig. 5 that the cathode potential declined slightly with temperature. Temperature affects the cathode potential differently. A higher temperature leads to an increased catalyst activity, thereby a higher cathode potential. A higher temperature also increases methanol crossover rate, creating an increased mixed potential and thus a lower cathode potential. The slight decrease in the cathode potential with temperature in Fig. 5 indicates that the adverse effect of methanol crossover as a result of the increased temperature is more predominant than the effect of the increased catalyst activity at a higher temperature. Note from Fig. 5 that there exist Traditionally, a reference hydrogen electrode is used to measure the respective potential of the anode and cathode in a fuel cell. The so-called reversible hydrogen electrode ͑RHE͒, which is usually used in a liquid electrolyte electrochemical system, however, can hardly be installed into the polymer electrolyte fuel cell system. About a decade ago, Küver et al. 24 introduced a dynamic hydrogen electrode ͑DHE͒ into a DMFC to measure the respective potential of the anode and cathode. In a subsequent paper, Küver and Vielstich 25 reported the open-circuit cathode potential, anode potential, and the cell voltage using a DHE. Their experiments were carried out in a MEA with catalyst loadings of 5 mg cm −2 Pt/Ru at the anode and 1.7 mg cm −2 Pt at the cathode, which is similar to the MEA used in this work. We compared the anode potentials reported by Küver and Vielstich 25 with our experimental data in Fig. 5 and found that the two methods agreed reasonably well. It should be mentioned that although the DHE has been utilized extensively in the past, [24] [25] [26] [27] [28] [29] [30] it is still a challenging task to integrate a DHE into a DMFC. [24] [25] [26] [27] 31 Furthermore, care must be taken in the design, construction and operation of a DMFC to obtain satisfactory results. [32] [33] [34] Another alternative method for measuring the anode potential of a DMFC is to run the cell in the electrolysis cell configuration, in which the methanol anode potential can be measured against the H 2 evolution cathode in an inert atmosphere ͑supplied with humidified N 2 or degassed water͒. 27 In this work, we also measured the anode polarization curves by pumping methanol solution to the anode and degassed water to the cathode. The results at low current densities are shown in Fig. 6 . The anode overpotential decreased with temperature due to the increased activity of the catalyst. In this work, we are more interested in the anode potential under the open-circuit condition. As shown in Fig. 6 , the electrolysis cell configuration method gave a near-zero anode potential under the zero current density at all the tested temperatures, which is much lower than 200 mV even at 70°C as shown in Fig. 5 . Because there exists an internal current through the electrolyte membrane even under the opencircuit condition, the anode overpotential is supposed to be larger than zero. As shown in Fig. 6 , because the anode potential increases rapidly at low current densities, a rather small internal current, like 1.0 mA, leads to an anode potential higher than 200 mV. Therefore, the electrolysis cell configuration method actually underestimated the anode potential of a DMFC under the open-circuit condition, although the method works well at large current densities. This behavior was also reported by other investigators. 27, 30 As a comparison, the transient hydrogen-electrode method described in this work is simple and accurate in determining the anode and cathode potentials of a DMFC under the open-circuit condition.
Conclusions
The transient OCV of a DMFC during the oxygen startup and interruption has been investigated. It has been shown that whenever the oxygen was started or interrupted during a normal feed, the OCV underwent an overshoot before reaching a stabilized value. The hydrogen evolution and oxidation reactions at the anode catalyst layer of a DMFC caused by the nonuniform distribution of oxygen at the cathode during the oxygen supply startup and interruption is the reason why the OCV exhibits the overshoot behavior. During the transient OCV period, the oxidation of both methanol and hydrogen took place at the DMFC anode. The increased hydrogen accumulation as a result of an external powered HER at the anode catalyst layer during oxygen interruption made the anode behave more like a transient reference hydrogen electrode immediately after the oxygen resumption. This finding led us to come out with an alternative method for measuring the respective anode and cathode potentials of the DMFC under the open-circuit condition. 
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